There is accumulating evidence that interleukin-1 (IL-1) levels are increased locally at the site of active bone resorption in a variety of diseases including osteoporosis, periodontal disease and rheumatoid arthritis. However, the pathogenic role of IL-1 in bone loss remains to be fully elucidated.
OSTEOCLASTS
can be generated from premature hematopoietic cells such as granulocytes/macrophage colony-forming units which can also differentiate into monocytes/macrophages [l, 2] . However, the details of the osteoclast cell lineage remain unclear.
Based on the structural characteristics that capillary vessels run in all directions within the bone architecture, it is plausible that circulating osteoclast precursors transmigrate across capillary vessel walls and subsequently differentiate into osteoclasts. Although premature hematopoietic cells can scarcely be detected, mononuclear phagocytes are relatively abundant in the peripheral circulation.
Therefore, it is conceivable that mononuclear phagocytes are preferable as a source of osteoclasts. A previous study [3] suggested that osteoclast precursors are present in the circulation of osteopetrotic mice. Moreover, avian [4] , murine [5, 6] and human [7] [8] [9] monocytes in the peripheral blood can differentiate into osteoclast-like cells.
In pathological states accompanied by bone loss such as osteoporosis, periodontal disease and rheu-matoid arthritis, recent attention has been focused on cytokines including interleukin-1 (IL-1) generated in the bone microenvironment that may be responsible for stimulating osteoclastic bone resorption [10, 11] . Several studies suggested that increased IL-1 production by human peripheral blood mononuclear cells (PBMCs) is responsible for development of osteoporosis [12, 13] . It has been also reported that increased osteoclastogenesis and bone resorption in ovariectomized mice was inhibited by IL-1 receptor antagonists, suggesting that endogenous IL-1 plays an important role in osteoclastic bone resorption in vivo [14] . These findings raised the hypothesis that various cells including mononuclear phagocytes in the bone microenviroment produce IL-1, and thereby enhance transmigration of peripheral monocytes through capillary vessel walls to the extravascular spaces in the bone tissue and stimulate their differentiation into osteoclasts. 
Isolation of PBMCs and labeling with 51Cr
Human PBMCs containing monocytes were isolated by density gradient separation on a Ficoll-Paque cushion (Pharmacia, Uppsala, Sweden) from heparinized venous blood drawn from normal volunteers. Monocytes were enriched by allowing the PBMCs to adhere to the tissue culture plates for 90 min in RPMI1640/10% bovine calf serum (BCS) (Life Technologies Inc., Grand Island, NY). At this stage, the cells were usually labeled with 51Cr sodium chromate (40 pCi/ml) (Amersham, Buckinghamshire, U.K.) for both transmigration and adhesion experiments. Suspended cells and cells loosely attaching to the plastic surface were removed by three washes with RPMI/10%BCS. Adherent cells were collected with 0.2% EDTA/5% BCS and two rinses with RPMI1640/10%BCS at 4°C. More than 95% of the cells in this fraction were positively stained for nonspecific esterase (NSEase), a monocyte marker.
HUVECs
HUVECs were isolated and propagated as described previously [15] . Briefly, cells were dispersed by 0.i% collagenase (CLS 3; Worthington Biochemical Corp, Freehold, NJ) and propagated in RPMI 1640 medium supplemented with 15% BCS, 15% NU-serum (Collaborative Research Inc., Bedford, MA), 50 mg/ml endothelial mitogen (Biomedical Technologies Inc., Stoughton, MA), 8 U/ml heparin, 50 U/ml penicillin and 50 pg/ml streptomycin. HUVECs were characterized based on morphological criteria and by indirect immunofluorescence assay using a specific antiserum to human factor VIII antigen, and studied at passage levels 2 and 3.
Migration of PBMCs across HUVEC monolayers
For studies of transmigration, HUVECs were grown to confluence in HUVEC medium on gelatincoated (1% Transwell polycarbonate filters containing 5 pm pores (Costar, Cambridge, MA), which were inserted into 24 well tissue culture plates (Costar, Cambridge, MA), as described previously [16] . SaOS-2 cells were grown to confluence on 24-well plates, unless otherwise specified. The HUVEC monolayer and filter divided each well into an upper "l uminal" (100 pl) and lower "abluminal" compartment (600 icl). For IL-1N stimulation, HUVECs and /or SaOS-2 cells were preexposed to IL-1N or its vehicle for the indicated times. After the preexposure, they were washed once with PBS/1% BCS. Transmigration was initiated by addition of 51Cr-labeledPBMCs (100 t€l, 3 x 104 PMN) to the luminal compartment. Assays were performed in a humidified atmosphere containing 5% C02/95% air at 37°C and were terminated by aspiration of non-adherent PBMCs from the luminal compartment, removing transwell inserts from the abluminal compartment, and washing PBMCs that were loosely adherent to the undersurface of filters into the abluminal chamber with 1 ml of PBS (4°C) without Ca2+ and Mgt +. The rate of PBMC migration to the abluminal compartment was calculated by the lysis of cells with 0.5% Triton X-100, and then the radioactivity was measured with a 1-counter and the counts compared to the specific activity of the original PBMC suspension.
Unless otherwise stated, results are expressed as the percentage of 51Cr-labeled-PBMCs added to the luminal compartment migrated to the abluminal compartment. Agonist-stimulated transmigration was calculated by subtraction of transmigration observed in the presence of diluent.
Adhesion of PBMCs either to HUVECs or SaOS-2 cells
For studies of adhesion, HUVECs and SaOS-2 cells were grown to confluence on gelatin-coated (1%) and uncoated 96 well plates (Costar, Cambridge, MA), respectively. For IL-l jS stimulation, monolayers were preexposed to IL-lfi or its vehicle for the indicated times. After the preexposure, they were washed once with PBS/1% BCS. Cells were coincubated with 0.1 ml of 51Cr-labeled PBMCs suspension (3 x 104 PMN/well) in a humidified atmosphere containing 5% C02/95% air at 37°C for the indicated times. Assays were terminated by removal of nonadherent cells by aspiration of medium and wash of monolayers with 0.2 ml of PBS/1%BCS. The contents of each well were solubilized with 0.01% SDS/0.025 N NaOH, and the radioactivity was measured in a r-counter. The adherent PBMCs (% of PBMCs added to each well) was calculated from the specific activity of each PBMC preparation.
Characterization of osteoclast-like multinucleated cells
At the end of the culture of PBMCs with SaOS-2 cells for the indicated times, cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP) utilizing a commercial kit (Sigma, St. Louis, MO). TRAP-positive cells with three or more nuclei were counted as multinucleated cells (MNCs). Expression of calcitonin receptors was also assessed by autoradiography using 125I-human calcitonin (Amersham). For this assay, human PBMCs were cocultured with confluent SaOS-2 cells on chamber slides in the presence of IL-13 (1 ng/ml) for 4 weeks. The cells were fixed with paraformaldehyde (1%) for 1 hr at room temperature, washed once with PBS, and incubated with 0.2 nM of 125I_calcitonin in the presence or absence of 1 t€M cold human calcitonin (Peptide Institute Inc., Osaka, Japan). After washing ten times with PBS/0.1%BSA, the cells were fixed again with fixative solution containing acetone (66%) and paraformaldehyde (3%) for 30 sec. After washing, the cells were stained for TRAP, dipped in LM-1 emulsion (Amersham), exposed at 4°C for 1 week and developed.
Resorption pit formation
The character of MNCs was further demonstrated by assessing their ability to form resorption pits on dentine slices as described previously [17] . In brief, dentine was cut into slices and the slices were put into 96-well plates. Isolated PBMCs (3 x 105 cells/well) were spotted on SaOS-2 cells, which had been grown to confluence on the dentine slices. After cells were cocultured for 4 weeks in the presence or absence of IL-1j3 (1 ng/ml), the dentine slices were fixed and stained for TRAP to confirm the formation of TRAP-positive MNCs [TRAP(+) MNCs]. After removing adherent cells, the dentine slices were stained with hematoxylin solution. Resorption pits on the dentine slices were assessed by light microscopy.
Reagents and monoclonal antibodies (mAbs)
Recombinant human IL-1 ~3 were purchased from R & D Systems (Minneapolis, MN). LTB4 was obtained from Sigma Chemical Co. (St. Louis, MO). The following mAbs were used to assess the function of adhesion molecules: mAb SG/19 (IgGI) which recognizes the j3 subunit of j31-integrins (Seikagaku Corp. kagaku Corp., Tokyo, Japan); and mAb MHM23 (IgGI) which recognizes j3 subunit of p2-integrin (DAKO, Glostrup, Denmark).
Statisticl analysis
Results were expressed as the mean± SEM. Oneway analysis of variance and Fisher protected LSD test were used for statistical analysis. A p value of < 0.05 was taken to represent a statistically significant difference between groups. Data of figures were the representative of at least three separate cell preparations from different individuals. Similar results were obtained fll preparations. Results 
IL-1 j3 stimulates transendothelial migration of PBMCs toward SaOS-2 cells
In several previous studies, monocytes were cocultured only with endothelial monolayers for their transmigration experiments [18, 19] . To reproduce their transmigration in bone tissue, we established a coculture system consisting of three different cells: PBMCs, HUVECs and SaOS-2 cells. HUVECs monolayers, grown on polycarbonate filters containing 5 mm pores, prevented the passage of most 51Cr-labeled-PBMCs during PBMC-endothelium coincubation for 2 hr (migration in 120 min, 5.01 ±0.26 0
Pretreatment of both HUVECs and SaOS-2 cells with IL-1j3 induced a rapid and concentration-dependent (ED50 = 25.6 pg/ml, maximal at 1 ng/ml) migration of PBMCs from luminal to abluminal compartments (Fig. 1) . To examine possible mediation of the action of IL-1~3 on SaOS-2 cells and/or its direct action on PBMCs for their migration across HUVECs toward SaOS-2 cells, we performed the experiments as shown in Fig. 2 . First, we assessed each transendothelial migration of PBMCs when either HUVECs, SaOS-2 cells, or HUVECs and SaOS-2 cells, had been pretreated with 1 ng/ml of IL-1R for 4 hr (Fig. 2, upper panel) . When HUVECs, or HUVECs and SaOS-2 cells, had been pretreated with IL-ljS, the transendothelial migration of PBMCs was equally induced in each case, but it was not induced when only SaOS-2 cells had been pretreated with IL-13, indicating that PBMCs did not migrate through the action of IL-1j3 on SaOS-2 cells. Second, we assessed the transendothelial migration of PBMCs for 2 hr at 37°C after the addition of IL-19
(1 ng/ml) or LTB4 (10-8M), either to the upper or lower compartment (Fig. 2, lower panel) . LTB4 induced a rapid migration of PBMCs through HUVEC monolayers when it was added to the lower compartment, but not when added to the upper one, indicating that LTB4 is a potent chemoattractant for monocytes as previously reported [20] . In contrast, the migration of PBMCs was not stimulated with IL-l jS in either case, suggesting that the transendothelial migration of PBMCs did not occur through the direct action of IL-13 on PBMCs. Several reports [18, 19] revealed that transmigration of monocytes across IL-113-activated HUVECs was mainly dependent upon X32-integrin. In the present study, we confirmed it (data not shown). We also confirmed j32-integrin-dependency of PBMCs adhesion to IL-1B-activated HUVECs (data not shown).
Spontaneous adhesion of PBMCs to SaOS-2 cells
The anchoring of PBMCs to stromal cells including osteoblasts is essential to the fusion of PBMCs to form polykaryocytes such as osteoclasts. We therefore examined the adhesion of PBMCs to SaOS-2 cells with or without prior exposure of SaOS-2 cells to IL-l/I (1 ng/ml) (data not shown). PBMCs timedependently adhered to SaOS-2 cells. In contrast to the adhesion of PBMCs to HUVECs, their adhesion to SaOS-2 cells was not stimulated by the pretreatment of SaOS-2 cells with IL-1 jl. Spontaneous adhesion of PBMCs to SaOS-2 cells was partially but significantly inhibited by prior exposure of PBMCs to mAb (NHM23) against the common p-subunit of ~2-integrins, but not by prior exposure of PBMCs to mAb (SG/19) against the common f3-subunit of fl1-integrins (Fig. 3) . Data are means ± SEM of three experiments.
The comparison was made between the groups as indicated by arrows. N.S., not significant; *p < 0 .01. (Lower panel) PBMCs transmigration was assessed 2 hr after respective addition of LTB4 (10-8M) and IL-l3(1 ng/ml) either to upper or lower compartment. Transendothelial migration of PBMCs was assessed as described in Materials and Methods.
Transmigration is expressed as the percentage of PBMCs added to the upper compartment that migrated to the lower compartment.
Agoniststimulated transmigration was calculated by subtraction of transmigration observed in control. Data are means ± SEM of three experiments.
N.S., not significant; *p < 0.0001 versus control. of 125I_calcitonin appeared on approximately 30% of TRAP-positive mono-or bi-nuclear cells, and approximately 60% of TRAP(+) MNCs. Simultaneous addition of an excess of unlabeled calcitonin completely removed the accumulation of dense grains from TRAP-positive cells (Fig. 5b) . The formation of TRAP(+) MNCs after 4 week coculture was inhibited significantly by concomitant incubation of calcitonin (10-8M) (data not shown). To further demonstrate osteoclast-like identity of MNCs, we assessed their ability to form resorption pits on dentine slices. When PBMCs were cocultured with confluent SaOS-2 cells on dentine slices in the presence of IL-1p (1 ng/ml) for 4 weeks, lacunar resorption pits were formed, but not in the absence of IL-1j3 (Fig. 6 ).
Discussion

IL-1~3 stimulates the formation of TRAP positive MNCs from PBMCs cocultured with SaOS-2 cells
We examined whether PBMCs cocultured with SaOS-2 cells would differentiate into cells with osteoclastic characteristics. Isolated PBMCs at the 1st day of isolation were positively stained for nonspecific esterase (>95%), but not for TRAP. IL-1j9 stimulated the formation of TRAP-positive mononuclear cells from PBMCs after 1 week coculture with SaOS-2 cells and subsequently stimulated the formation of TRAP(+) MNCs in a time-dependent manner (2-4 weeks) (Fig. 4) . Even in the absence of SaOS-2 cells in culture, IL-1~3 stimulated both adhesion of PBMCs to tissue culture plates and formation of TRAP-positive mononuclear cells in 1-2 weeks, but not their fusion to form polykaryocytes.
The adherent mononuclear cells to the tissue culture plates were almost completely detached within 3 weeks. Fig. 5a shows autoradiographs of the binding of human 125I-calcitonin to both TRAP-positive mono-or bi-nuclear cells, and TRAP(+) MNCs 4 weeks after coculture of PBMCs with SaOS-2 cells in the presence of IL-1j3 (1 ng/ml). Repetitive examination revealed that dense grains due to the binding In bone tissue, monocytes are often found in the extravascular spaces adjacent to bone-resorbing surfaces [21] , although their precise origin and roles in bone remodeling remain to be determined. Monocyte infiltration is thought to be triggered by various chemoattractants and cytokines including IL-1 [18, 19] . Increased secretion levels of IL-1 activity by PBMCs have been reported in postmenopausal women [13] . Concentration levels of IL-1 secreted by PBMCs from patients with periodontal disease [22] and those in tissues from sites of periodontal disease [1] are 0.45-13.00 ng/ml/ 106 cells/24 h and approximately 11 ng/ml, respectively. Taken together with the present findings that IL-1j3 at as low as 0.01 ng/ml induced transendothelial migration of PBMCs (maximum at 1 ng/ml), the increased peripheral levels of IL-1 in patients of disease with bone loss seem to be sufficient for the recruitment of PBMCs across capillary vessel walls. Since monocytes [23] , HUVECs [24] and SaOS-2 cells [25] have the specific receptors for IL-1, it is possible to speculate that the IL-i3-stimulated recruitment of PBMCs across HUVEC monolayers is mediated through the action of IL-1/3 on any of the three kinds of cells. The present study revealed that the IL-1/3-stimulated migration is not mediated through its action on either PBMCs or SaOS-2 cells, but through its action on HUVECs. The present results were consistent with previous reports that transendothelial migration of leukocytes including monocytes occurred through the activation of endothelium with IL-1 [18, 19] . Once penetrated across endothelium, PBMCs should migrate through extravascular spaces and anchor to stroma and/or stromal cells including osteoblasts. In the present study, PBMCs spontaneously adhered to SaOS-2 cells in part through j32-integrin. Although initial (< 90 min) adherence of PBMCs to HUVECs was stimulated by prior exposure of HUVECs to IL-1j3 (adhesion [% PBMCs added at 1 ng/ml IL-1], Control 0 ± 1.0%, IL-1 25 ± O.96%*, *p < 0.0001 versus control; n = 4), their initial (< 90 min) adherence to SaOS-2 cells was not stimulated by prior exposure of SaOS-2 cells to IL-1.
These findings indicated that IL-1R did not affect adhesiveness of SaOS-2 cells for PBMCs. However, the adherence of PBMCs to SaOS-2 cells in a later phase (1-2 weeks) was stimulated with IL-lf3. Since the adherence of PBMCs to tissue culture plates was also stimulated with IL-1~3 in 1-2 weeks, the IL-1f enhancement of their adherence to SaOS-2 cells in the later phase should be at least in part through its action on PBMCs.
It has been also reported that IL-1 activates monocytes through its type II receptor to induce both gene expression and synthesis of various cytokines including tumor necrosis factor-a (TNF-a) [26] . Taken together with the previous evidence that TNF-a is directly chemotactic for both monocytes and polymorphonuclear leukocytes [27] , activating factors including TNF-a released from PBMCs in response to IL-1j3 might be involved in the enhancement of PBMC adherence to SaOS-2 cells in the later phase.
The present study employed HUVECs as a model for transendothelial migration in bone. Since these cells are derived from large vessels through which no cell migration takes place in vivo, we cannot completely rule out the possibility that PBMCs might not transmigrate through small vessel endothelium after IL-1 stimulation.
Moreover, the vessels in bone tissues are mostly sinusoids, which are composed of vascular endothelium lacking the basement membrane. Therefore, the mechanism of cell migration might be different from that with HUVECs.
In the present study, long-term (4 weeks) coculture of PBMCs with SaOS-2 cells in the presence of IL-1jS
(1 ng/ml) induced their differentiation into TRAP and functional calcitonin receptor positive MNCs with bone-resorbing activity. TRAP(+) MNCs derived from human PBMCs cocultured with SaOS-2 cells in the presence of IL-1j9 not only responded to calcitonin, but also induced lacunar bone resorption. These results indicate that the MNCs formed in the present study were not macrophage polykaryons, but mature osteoclasts or cells closely related to osteoclasts. In the present study, IL-1j3 itself stimulated adhesion of PBMCs to tissue culture plates and formation of TRAP-positive mononuclear cells in 1-2 weeks, but the adherent TRAP-positive mononuclear cells on tissue culture plates were almost completely detached within 3 weeks of coculture, indicating that only IL-l jl or activating substances from PBMCs in response to IL-1j3 are not sufficient in themselves for the differentiation of PBMCs into TRAP(+) MNCs. On the other hand, IL-13 induced full differentiation of PBMCs into osteoclastlike cells in the presence of SaOS-2 cells. These results indicate that both IL-ljS stimulation and presence of SaOS-2 cells are essential for the full differentiation of PBMCs into osteoclast-like cells. Although the present study could not determine the precise mechanism of PBMC differentiation into osteoclast-like cells, we can raise several possibilities by which PBMCs differentiate into osteoclast-like cells. One possibility is that the contact between PBMCs and SaOS-2 cells induced intracellular biological events through adhesion receptors on PBMCs, leading to their differentiation into osteoclast-like cells. In fact, PBMCs spontaneously adhered to SaOS-2 cells partly through j32-integrin. Cell adhesion receptors including integrins function in the signal transduction process leading to the regulation of cell growth and differentiation [28] . Another possibility is that soluble factors released from PBMCs and/or SaOS-2 cells might bind to their specific receptors on PBMCs to induce the signal transduction process, finally leading to the differentiation of PBMCs into osteoclasts. Macrophage colony-stimulating factor (MCSF) and receptor activator of NF-xB ligand Effects of IL-1,3 on pit formation on dentine slices in cocultures of PBMCs with SaOS-2 cells. PBMCs (3 X 105 cells/well) were cocultured with confluent SaOS-2 cells, which had been grown to confluence on dentine slices in 96-well plates, in the presence (b) or absence (a) of IL-1jl (1 ng/ml) for 4 weeks. After removing adherent cells, the dentine slices were stained with hematoxylin solution.
Resorption pits on dentine slices were assessed by light microscopy ( X 400).
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(RANKL) are considered to be essentially involved in the differentiation phase of osteoclast precursors into osteoclasts [29] . However, recent study [30] revealed that TNF-a stimulates osteoclast differentiation in the presence of MCSF through a mechanism independent of RANKL. In that study, IL-1 was required to obtain actively resorbing osteoclasts. Therefore, IL-1 might stimulate osteoclast formation by both RANKL-dependent and -independent mechanisms. Various cytokines produced by PBMCs and SaOS-2 cells might cooperatively act on PBMCs to induce osteoclast differentation.
Unfortunately, we could not show the data for osteoclast formation from PBMCs transmigrated through endothelial cells after IL-1 activation. Further study is necessary to clarify these issues.
In conclusion, the present findings that IL-1R trig- 
